Abstract-Photovoltaic systems require the implementation of maximum power point tracking (MPPT) algorithms to maximize power extracted from these systems. However, the application of such algorithms in grid-connected droop-controlled systems is hampered by differences in the dynamic responses of the respective techniques. In this context, this study presents the development of a strategy that enables a push-pull converter controlled by MPPT and a low power plug and play gridconnected inverter governed by droop-control to operate stably even under variations in solar radiation and without any battery storage bank. The goal is achieved based on two approaches: i) designing the DC link capacitor properly; ii) using a control loop in order to adapt the droop curves in accordance with the available input power. Theoretical analysis and experimental results have proven the viability of the approach.
I. INTRODUCTION
NVIRONMENTAL economic and technological issues have stimulated the structuring of electrical systems according to the distributed generation (DG) model, which is related to small-scale power generation and composed mainly of renewable energy sources (RES). In this scenario, the use of photovoltaic (PV) energy has grown exponentially in gridconnected systems [1] [2] .
Some conventional grid-connected PV systems use currentcontrolled converters to transfer power to the electrical grid [3] . This methodology has been widely used when the inverter is connected to the utility grid (a stiff grid). However, the inverter output current can suffer abrupt variation in the matter of sudden change of the reference power.
Droop control is an emerging technique applied to the parallel operation of off-grid voltage source inverters [4] - [6] . The control strategy is based on emulating the features of a synchronous generator (SG) using a VSI. However, this technique is rarely exploited to control grid-connected inverters. The main usage of droop curves is on controlling and managing load sharing among parallel inverters connected to micro-grids on stand-alone mode [7] . Some works also use a DC voltage droop control to manage power flow on microgrid DC busses [8 -10] .
The hierarchical control presented in [11] proposes compensation in droop curve so that a micro-grid, while in stand-alone mode, could keep synchronized with the utility grid for an eventual reconnection and could operate in connected mode. Nevertheless, all the inverters in this microgrid need to be interconnected by a communication network.
One drawback of droop control is its dynamic response. The dynamic of power transfer is slow due to the reduced bandwidth of the low-pass filter used to calculate the average active and reactive powers [12] . Thus, with the objective of optimizing the dynamic response, [13] has proposed choices for the slope of the curves that governs the power transfer through an evolutionary algorithm. For near optimum responses, the best settling times achieved are around hundreds of milliseconds [13] . On the other hand, MPPT dynamic is considerably fast. Changes in climate conditions result in instantaneous changes in photovoltaic array output power, which are closely tracked by MPPT methods. Their convergence times are in the tens of milliseconds [14] .
Therefore, the integration of these two techniques without using battery banks is obstructed by these intrinsic differences in the respective dynamics. Differences in the inherent dynamics of the two methods can result in operation being either at a point other than its maximum power, or in an unstable situation.
Recently, various studies have focused on the development of grid-connected PV systems [15] [16] [17] [18] . Commonly, the MPPT is implemented through a DC-DC converter, by controlling the duty cycle. Nevertheless, [18] proposes tracking the MPP directly by controlling the angle between the inverter and the grid voltage. However, for great variations in the generated power, this kind of control could yield quick shifts of the angle, damaging the inverter output voltage. This study presents only simulation results and does not consider large power variations. Other works [16, 17] propose the use of MPPT methods along with the droop control, but, again, the difference in the dynamics is not addressed and it is not clear how the association between the MPPT method and the droop control is reached.
Considering that the proposed topology is intended to work in grid-connected mode and always track the maximum available power from the PV modules, the MPPT should be fast. Furthermore, in the case of sudden shading, regardless of the MPPT method, the generated power will instantly drop. In this situation, it is impossible to provide a soft variation in the angle without having energy storage, which would supply energy to the grid while the angle is being adjusted.
In this scenario, the implementation of a grid-connected PV system is proposed by associating the MPPT and droop control techniques by means of a properly rated energy storage device, and by adding a feed-forward control loop of the droop curve parameters in such a way that it is possible to deal with the differences in the dynamics.
II. PROPOSED SYSTEM
The proposed system is capable of extracting the maximum available power from the panels and transferring it to the utility. The central idea incorporates a properly rated capacitor bank interfacing both converters and an additional control loop. The control loop is used to minimize the existing difference in dynamics; therefore, MPPT and droop control can be integrated even on occasions of sudden set-point variations. The DC-DC converter involves a three level pushpull topology [19] . In addition to the MPPT function, this converter is also responsible for increasing the voltage from solar arrays.
To achieve the MPPT, all power processed by de DC-DC converter needs to be sent to the utility grid by the inverter. However, in traditional droop control, (1) determines the inverter output power, where inv is the inverter frequency, 0 represents the inverter frequency at no load operation and k p is the coefficient that determines the curve's slope. This means that at certain frequency, which is imposed by the grid utility, the output power can be defined as (1) In order to track the MPP, the inverter output power needs to be dictated by the DC-DC converter, which actually is responsible for MPPT. To do so, (1) will be altered so that the inverter output power will meet the DC-DC converter needs.
From (1), the non-load frequency will be expressed as the sum of the grid frequency ( g ) and the desired power (P ref ). Thus, in steady state, when the inverter frequency meet the grid frequency, the inverter output power (P meas ) will be exactly equal to the reference power, according to (2) . (2) By readjusting P ref , the P-curve shifts vertically, however, without changes in its slope as it can be seen in Fig. 1 . If the reference power (P ref ) is changed, a new equilibrium point is set and the equilibrium frequency g remains the same. Considering that the goal of this equipment is to transfer the instantaneous power from PV modules, the reference power (P ref ) must be replaced by the PV instantaneous power (P MPPT ). Assuming a system with no losses and that P MPPT is instantaneously available at the inverter input, droop control will start acting in order to establish a new output power in accordance with the new reference. However, during this adjustment time, there is an unbalance between the DC-DC converter output power and the inverter output power. Until the steady state operation, either the surplus or the deficit of energy must be, respectively, stored or supplied by a storage device. That is why a DC-link capacitor is proposed to compensate this energy unbalance.
As a matter of consequence, after providing or storing energy, the DC-link voltage will change and its final value will depend on some variables, such as the chosen DC-link capacitance and the parameters of the droop control. Based on these facts, an additional controller was proposed, whose main goal is to control the DC-link voltage. However, other benefits can be reached by setting a controller as proposed. Since P MPPT corresponds to the available power at the input of the whole system, by the time it reaches the output stage (droopcontrolled inverter), its value has decreased due to the losses in the previous stage. Here, a controller is essential for compensating this unbalance of power, for it provides a finetuning for the new reference of power.
A system schematic can be seen in Fig. 2 (a) . The sinusoidal voltage reference is generated by the drooping curves, and the P-curve is dynamically adjusted as proposed in Fig. 2 (b) and (c).
III. MODELING THE SYSTEM
As it can be seen in Fig. 2(b) , the block named G 2 (s) represents the plant of the DC-link capacitor voltage, and, in Fig. 2(c) , the block G 1 (s) represents the plant of the droopcontrolled power inverter. First of all, in order to evaluate the dynamics of the droop control, G 1 (s) has to be modeled. Hence, the droop-controlled inverter is supposed to be connected to a stiff grid as presented in Fig. 3 . The active power flow through the connection impedance is governed by the following equation. (3) Equation (4) can be linearized at a given point of operation, resulting in a linear relationship as presented in (4), (5) and (6) . Finally, since (4) is linearized, the resulting oscillating power after passing through the low-pass filter is represented by (7) . (7) Since no exchange of reactive power is supposed, tends to be zero. Thus, G 1 (s) is reduced as presented in (8) . (8) As it can be seen at Fig. 2(c) , the droop-control is a closedloop system. Assuming that P MPPT is constant, the system can be reduced into the transfer function presented in (9) . (9) Subsequently, the transfer function for the DC-link voltage will be modeled considering the instantaneous power unbalance as the input of the system. Assuming that all the energy provided by the PV models is instantly transferred to the DC-link with no losses, the capacitor voltage will increase or decrease depending on the quantity of energy delivered to the grid. Consequently, the voltage across the DC-Link will oscillate depending on the storage of energy. Equation (10) represents the linearized variation of energy. (10) After deriving equation (10), voltage oscillations-to-output power oscillations transfer function can be represented in (11) . (11) IV. SIZING THE DC LINK CAPACITOR Any variation in solar radiation causes an unbalance between the power generated by PV panels and the power absorbed by the utility grid. Consequently, as aforementioned in section II, during a certain time interval, the difference between the input and the output powers results in a surplus or deficit of energy that is responsible for charging or discharging the DC-link capacitor. Assuming that there is not a controller to act on the DC-link voltage, the capacitor voltage will rise or drop until it stabilize at a new equilibrium voltage.
In order to calculate the appropriate capacitor, it has to be taken into account the worst-case condition, which means assuming the inexistence of a DC-link voltage controller. It is also worth recalling that the capacitor voltage oscillations are a matter of consequence of unbalances between the input power (P MPPT ) and the output power (P meas ).
The unbalance time interval will depend on the droop dynamic. Thus, according to [20] , an optimized response droop-control will be considered. Equation (12) describes the new equilibrium angle ( e ) for a first order-optimized system. (12) Considering that for small angles sin( ) is approximately , the DC-link output current and the input current are determined as shown in (13) and (14) . Consequently, the resulting capacitor current is obtained from the difference between (14) and (13) as shown in (15) . Considering that P MPPT is constant, the open-loop transfer function for voltage variations-to-reference power oscillations is shown in (18) . (18) Looking at (18) , it is reasonable to suggest a simple proportional controller to compensate the DC-Link voltage oscillations. However, the challenge is to deal with K 2 since, depending on the operating point, it will change the second pole position. In order to cancel the nonzero pole, the compensator was implemented with a zero positioned a little before , and a gain to set the cut-off frequency at . The compensator transfer function is presented in (19) . (19) VI. EXPERIMENTAL RESULTS An experimental setup of the topology was assembled using the parts available in the laboratory, regardless of any power correspondence among them. The main parameters of the converters are listed in Table I . To provide energy for the system it was used a solar array simulator (SAS) E4350B (Agilent Technologies ® ) [21] . Two different tests were performed, each with a specific power profile programmed into the SAS. The electrical characteristics of a solar panel were considered for three different solar radiations and they are shown in Table II .
The tests were defined in the following manner: First test: Reduction from the maximum radiation (maximum power) to the minimum radiation (minimum power) in three small steps; Second test: Instantaneous transition from the maximum solar radiation to the minimum solar radiation, and instantaneous transition from minimum solar radiation to the maximum solar radiation. The dashed curves shown in Fig. 4 were generated by the SAS and were used in the tests previously quoted. The points marked by asterisks represent the maximum power points of each curve, and the continuous lines that connect these points indicate the form by which the MPPT algorithm acts based on the variation in the solar radiation. The output voltage of the push-pull (DC-link) is verified in Fig. 5 . It is worth mentioning that while the drop in the power generated by the panel is nearly instantaneous, the adjustment in the power transferred to the grid is significantly slower. The slowness is due to droop-control dynamics. In this situation, the panel is already operating at a lower power state, whereas the inverter is still adjusting its new power angle, and, therefore, it is sending more power to the electrical grid than the steady state power expected for this new radiation condition. Due to this deficit, the DC-link voltage drops suddenly (undershoot), as shown in Fig. 5 . After the control algorithm adjusts the inverter's new set point, the DC-link voltage returns to its normal operating value.
The second test performance is noticed in Fig. 6 . With the abrupt reduction in radiation from 1000W/m 2 to 400W/m 2 , the power generated was also reduced in a very short period of time. The droop-control dynamics imposes a relatively slow adjustment in the power injected into the grid and consequently a momentary energy imbalance results in transients in the DC-link voltage. Therefore, a significant drop in the output voltage of the push-pull converter is observed (Fig. 7) during the first power transition. However, the minimum value of voltage in the DC-link has to be maintained above 200V, which is needed to maintain the inverter operation. It indeed proves that the capacitor sizing proposed on this paper was effective. 
VII. CONCLUSIONS
This work evaluated a way to size a DC link capacitor to act as a momentary energy storage to make possible the matching between the fast dynamic of MPPT and the slow dynamic of droop-control. The proposed system was connected to grid utility in order to transfer all the energy produced by a solar array simulator.
In order to reach an effective control over the capacitor voltage and to eliminate any need of battery banks, two things were evaluated: the first one was to establish a method to size the DC-Link capacitor, since during transients the use of inadequate values can lead the system to either destructive or non-operating voltages. The second one was to tune an adequate response to slowly return the DC-link voltage to its normal operating value without interfering with the droopcontrol dynamic.
In general, obtained results showed a good performance. Currently the converter is being optimized to meet commercial requirements. The final product is going to be used in plug and play photovoltaic micro-inverters. 
